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bstract

he residual stresses due to the difference in thermal expansion between ceramic and metal is a significant parameter to control during the fabrication
f ceramics/metal joint. In this work, residual stress distribution, after solid state bonding of different joints, was measured using X-ray diffraction
XRD) and Vickers Indentation Fracture (VIF) methods. Tensile stress concentration in alumina caused by the thermal expansion mismatch in
he Al2O3/Ni/Ni alloy (HAYNES® 214TM) joint severely deteriorated the assembly and caused cracks in alumina. To solve this problem, this

aper shows that the use of a Cu/Ni/Cu multi-layer, associated with the direct copper bonding method (DCB), by pre-oxidation of copper, reduces
ignificantly the tensile residual stresses in alumina material. Consequently, this process offers the possibility of producing an interlayer with a
igh melting temperature and hence joints which can withstand high-temperatures.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

The realization of metal–ceramic joints is often unavoid-
ble, both for research of contradictory use properties and
esolution of technological difficulties.1–12 The performance of
he bonded material is often influenced and controlled by the
eramic–metal interface properties (mechanical, electrical, mag-
etic and chemical).9–12 Till now, several techniques for joining
eramics to metals have been developed.13–23 Every technology
as its advantages and disadvantages.22

In this study, we have used the classic solid state bonding
rocess,1,4,11,22 with insertion of an metal interlayer, associ-
ted or not with the direct copper bonding technique (DCB).21

he interlayer can reduce cracking, relax the thermal residual

tress and improve the joining strength. However, making a
etal–ceramic joint involves inevitably residual stresses when

he bonded assembly cools from the joining temperature to

∗ Corresponding author. Present address: CEA, IRAMIS, SPCSI, Group Com-
lex Systems and Fracture, 91191 Gif sur Yvette, France. Tel.: +33 472186517;
ax: +33 478331140.
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oom temperature. These stresses influence the strength and
racture energy of the bond.23,24 The stress field depends on
any factors, e.g. elastic and plastic properties of materials to

e joined as a function of temperature, thermal expansion coef-
cients, geometric design4,25 of the assembly. Numerous works
re available to measure residual stresses by neutron1,26,27 or
-ray diffractions (XRD)28,29 or other less precise methods

ncluding Vickers Indentation Fracture (VIF) method1,28 and
emoval layer techniques.28 In parallel, a variety of analytical
nd numerical models were developed to understand and opti-
ize the residual stress state in metal–ceramics joints.30,31 But

arely were they compared to experimental measurements, with
esults of classical XRD and indentation fracture methods. The
ost complete comparison was made by Guipont.28

Recently,1 we calculated (FEM) and measured (XRD, VIF)
he residual stress distribution in alumina/Ni/alumina and alu-

ina/Ni/nickel alloy systems.1 The principal conclusions can
e summarized as follows:
 The results of the three employed methods (FEM, XRD and
VIF) show that the highest tensile stress is concentrated at
the boundary of the outer surface of the joint, and it will

http://www.sciencedirect.com/science/journal/09552219
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.036
mailto:hattali.lamine@gmail.com
dx.doi.org/10.1016/j.jeurceramsoc.2012.01.036
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Fig. 1. Schematic illustration of a Al2O3/HAYNES® 214TM j

cause cracks in alumina layer only in the case of dissimilar
Al2O3/Ni/HAYNES® 214TM bonds, because the maximum
residual tensile stress of Al2O3/Ni/Al2O3 specimen was lower
than that of the Al2O3/Ni/HAYNES® 214TM specimen.
FEM and X-ray results are in rather good agreement, know-
ing that certain phenomena, such as grain boundary diffusion
of nickel in alumina, are not taken into account. The inden-
tation method seems to over-estimate the stresses, but takes
into account the fall of ceramics properties (in particular their
toughness) close to the interface, which is not taken into
account in FEM and XRD.

To minimize the stresses in the Al2O3/Ni/HAYNES® 214TM

ystem, we propose to replace the nickel foil by a Ni–Cu–Ni
ulti-layer. Moreover the choice of copper will allow us to

se DCB (or gas–metal eutectic) method21,32–35 and, in conse-
uence, of working in brazing condition, i.e. with a weak applied
ressure during the bonding.

DCB method is based on a binary eutectic system36 to join
lloys and ceramics. An interlayer is required to form a liquid
utectic phase and wet ceramics at high temperature. The joint
s formed through inter-diffusion between interlayer and parent

aterials. The relation between wetting behavior and bonding
dhesion in Al2O3/Cu interfaces has attracted interest in the
iterature.37,38 Between 1065 ◦C and 1085 ◦C, copper reacts with
xygen on the surface of the ceramic to form a liquid eutectic
Cu–O]. The liquid phase wets ceramics, eliminates the holes at
nterface and accelerates the bonding. The excellent wetting of
l2O3 by the [Cu–O] liquid followed by the growth of reaction
roduct (CuAl2O4, or CuAlO2), respectively due to the reaction
etween CuO and Cu2O and Al2O3, explains the good strength
f DCB bonds.39–41 Compared with solid state bonding, during
CB, the movement of atoms in liquid is quicker, so joining

ime and pressures are reduced.
The residual stress distribution was measured by X-ray
iffraction and indentation fracture methods (VIF) and com-
ared for both systems containing Ni and Cu/Ni/Cu interlayer. In
arallel, the interfacial fracture energy and the metal–ceramics
racture strength are determined in order to confirm the role of

i
a

a) with Ni interlayer and (b) with Cu2O–Cu/Ni/Cu interlayer.

he residual stresses on the mechanical strength of the assem-
lies.

. Experimental  procedure

.1.  Materials

As in the previous study,1 the ceramic material used in this
ork is a commercial polycrystalline �-Al2O3 (AL23 alumina),

rom UMICORE Marketing services. The alloy is the nickel
uper alloy HAYNES® 214TM (75% Ni, 16% Cr, 4.5% Al,
% Fe), which is widely used in technological applications
t high temperatures and in severe chemical atmosphere such
s that encountered in industrial heating market (petrochemi-
al, etc.). Both base material blocks were machined into small
ieces with the dimension of 15 ×  5 ×  5 mm3 (Fig. 1). The
etal foils used as filler materials were commercially available

nd the pure metals or the foils were of high purity. Both Ni
nd Cu foils were prepared by cold rolling down to a thick-
ess of 200 �m and 100 �m, respectively and had the same
imensions of material blocks. In order to show the influence of
he ceramic/metal thickness ratio on the fracture energy, other
pecific samples were used for “delamination” bending tests
Fig. 2b). Table 1 shows the main characteristics of the metal
oils.

To favor “mechanical adhesion”, prior bonding, the faying
urfaces of HAYNES® 214TM and alumina were machined to
btain surface roughness equal to 0.08 and 0.48 �m, respec-
ively. After machining, all base materials were ultrasonically
leaned in acetone for 30 min, and then blown dry with a heat
un. Cleaned alumina substrate were placed in a high-purity alu-
ina crucible, covered, and then annealed in air at 950 ◦C for 5 h

o completely remove residual organic surface contaminants.

.2. Bonding  processes
After drying in hot air, the base material blocks and the
nterlayer foils were prepared as block/foil/block sandwiched
ssembly (Fig. 1). Bonding was achieved in vacuum (10−3 Pa).
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Table 1
Characteristics and properties of the metal foils.

Metal Purity (%) Melting point Linear exp.coeff. at 0–100 ◦C (K−1)a Young’s modulus (GPa)

Ni 99.5 1453 13.1 × 10−6 205
C 17.0 −6
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a Linear expansion coefficient of alumina and HAYNES® 214TM are 8.1 × 10

For Al2O3/Ni/HAYNES® 214TM system the temperature was
amped to 1150 ◦C at 200 ◦C/h, maintained at 1150 ◦C for 1 h,
nd then ramped down to room temperature at 150 ◦C/h (Fig. 1).
uring this cycle, a pressure of 16 MPa was applied through a
neumatic piston during the entire cycle.25 The experimental
onditions were selected taking into account previous stud-
es for the systems Al2O3/Ni/Al2O3 and Al2O3/Ni/HAYNES®

14TM.1,4,25,42,43

These conditions correspond to an optimization of the
echanical properties of the assembly taking into account the

arameters of solid-state-bonding (temperature, pressure and
ime, geometries of the interlayer (ratio thickness/width) and
f the system ceramic/alloy, residual stresses, etc.).1,4

For Al2O3/Cu–Ni–Cu/HAYNES® 214TM system, the pro-
ess was as follows: firstly, copper foils (100 �m thick) are
olished with a 6 �m diamond paste, and oxidized under low
xygen pressure (10−3 Pa) at 950 ◦C for 0.5 h to obtain a
uperficial adherent Cu2O film.41,43 Cu2O is removed from
ne of the copper faces in contact with nickel. Thus obtained
u2O–Cu/Ni/Cu multilayer, was placed between the alu-

ina and HAYNES® 214TM substrates, checked for good
etal–ceramic contact (Fig. 1). Secondly, the parts were heated

n a tube furnace in the temperature of 1075 ◦C at 200 ◦C/h,

ig. 2. Schematic of the mechanical test and geometry adapted to the test: (a)
echanical shear test and (b) Four-point ‘delamination’ bending test.
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 × 10 129.8

d 13.3 × 10−6, respectively.

aintained at 1075 ◦C for 10 min, and then ramped down to
oom temperature at 150 ◦C/h. During this cycle, the vacuum in
he furnace was maintained at 10−3 Pa. A minimum low pressure
f 1 MPa was applied on the assembly during the entire cycle. In
he temperature range of 1065–1083 ◦C a liquid eutectic phase
ppears at the Cu2O–Cu interface; its amount can be controlled
y careful regulation of oxide growth on the copper foil. This
hin molten film produces an intimate contact between copper
nd alumina and generates, after cooling, a strong bond between
he two materials.

The different bonding conditions are summarized in Table 2.

.3. Characterization  techniques

.3.1. SEM/EDS
After bonding, the interfacial regions and the fracture sur-

aces of ceramic/metal joints were observed and analyzed by
canning Electron Microscopy (SEM) and Energy Dispersive
pectroscopy (EDS), in order to evaluate the morphology and
icrochemistry of the interfaces and diffusion phenomena. Line

cans were conducted perpendicular to the interface. The beam
ize is typically on the order of 1 �m, and a typical detection
imit is ≤1 at.%, and thus, we anticipated that this method might
rovide information on the extent of homogenization achieved
uring the bonding cycle.

.3.2.  Mechanical  tests
The fracture strength of the joint at room temperature was

valuated using shear test (Fig. 2a). In order to ensure greater
ccuracy three samples were tested for each joining condition.
hear strength measurements were performed using an Adamel
Y25 testing machine (Fig. 2a). The testing was carried out at the
onstant crosshead speed of 0.1 mm/min, and the strength was
alculated by the load at break divided by the nominal area of the
oint. Even if a pure shear stress field does not necessarily occur
n this testing technique, it is, nonetheless, a suitable means for
omparative evaluations. The fracture energy of the assembly is
easured using a four-point “delamination” bending test.44 The

ample was mounted on a device which was set up on an Adamel
Y25 tensile-compression machine. Sample dimensions were
0 × 5 mm2 (Fig. 2b). A thin notch was machined in the median
ross section of all the ceramic thickness to serve as crack initia-
ion (Fig. 2b). In order to follow the initiation and the propagation
f the interfacial crack, a polished longitudinal side plane of
he sample was observed during the test using a magnifying

lass. The inner and outer spans were 20 and 40 mm, respec-
ively and the loading rate was 0.1 mm/min. The phase angle
or this geometry was ∼44◦. Interface cracks in the as-bonded
pecimens were propagated in steady-state regime. According
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Table 2
Experimental conditions for the joining of alumina with HAYNES® 214TM for different metallic foils (Ni and Cu2O–Cu/Ni/Cu).

System Temperature (◦C) Time (h) einterlayer (�m) Pressure (MPa) Vacuum (Pa)

Al2O3/Ni/HAYNES® 214TM 1150 1 

−3

Al2O3/Cu/Ni/Cu/HAYNES® 214TM 1075 0.5 
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ig. 3. Schematic representation of the specimen for XRD measurements.

o this geometry, fracture energy can be measured directly by the
stimation of the energy dissipated rate GIC, which is calculated
sing Euler–Bernouilli theory44,45 as following:

With:

IC = 3

2

P2l2(1 −  ν2
2)

E2h3b2

(
1

(h2/h)3 −
((h1/h)3 +  λ(h2/h)3 +  3λ

 =  E2
(1 −  ν2

1)

(E1(1 −  ν2
2))

(2)

here P  is the first fracture or delamination strength; E2 is the Ni
lloy Young’s modulus; E1 is the ceramic Young’s modulus; ν2 is
he Ni alloy Poisson’s ratio; ν1 is the ceramic Poisson’s ratio; h2
s the Ni alloy thickness; h1 is the ceramic thickness; h  = h2 + h1;

 is the sample width; l is the distance between internal and
xternal alumina blocks.

.3.3.  X-ray  diffraction  method  (XRD)
In order to estimate the magnitude and distribution of the

esidual stresses in the joints, X-ray diffraction method was used.
esidual stress measurements were carried out using the sin2 Ψ

ethod with Ψ  goniometer (Dosophatex) and INEL software
quipments, at 30 kV, 30 mA.1 The size of the collimated X-ray
eam (CrK�1) for residual stress measurement was ∅800 �m.
easurements were performed with the (3 0 0) peak of alumina

t 2Θ  = 113◦. The experimental conditions are identical to those
reviously used.1 The different specimens were scanned along
wo different directions (L1 and L2 in Fig. 3) perpendicular to
he metal–ceramics interface. L1-line was at the free end of the
pecimen, and L2-line was located in the centre of the specimen
Fig. 3). This choice was made taking into account the mapping

f complex stress fields calculated previously by FEA1 for the
ystem Al2O3/Ni/HAYNES® 214TM. L1 is an area of particu-
arly high tensile stresses, while L2 is an area of softer stresses.

σ

200 16 10
100–200–100 1 10−3

2/h2)((h1/h) +  λ(h2/h)−1))

)
(1)

he peak positions were determined with commercial software
sing a pseudo Voight function to fit the data. The peak position
as plotted as a function of sin2 Ψ  to evidence shear stresses

nd data scatter. Finally, the strain and stresses were calculated.

.3.4. Vickers  Indentation  Fracture  (VIF)  method
The indentation method is a standard method for the deter-

ination of the critical stress intensity factor KIC (see, e.g.
efs.1,46 for advantage and disadvantage of VIF method). This
ethod was adopted because it can be used on small samples

nd small size of the analysis area (local analysis). For our study,
his method will therefore measure very close to the interface.
he residual stress of the joints was also evaluated by indenta-

ion method. Based on the calculation of the difference between
he lengths of cracks observed induced by indentations for the
ame ceramic before and after joining.46 A Vickers indenter was
mpressed at several points in the ceramics at different distances
rom the interface on the edge of the joint (line 1 – Fig. 3). In the
resent investigation, the tests were conducted at a load of 300 g

ith a loading duration of 15 s every 50 �m, in staggered, from
he metal–ceramic interface to ceramic bulk. A Vickers indent

ay produce two types of cracks, i.e. a system of median cracks
nd system of Plamqvist cracks. Liang et al.46 have proposed a
nified formula which enables the determination of toughness
KIC) in both cases of median and Palmqvist’s fracture modes.
he formula is claimed for the use of any load during indentation

est:

IC = Hva
1/2

α

(
Eϕ

Hv

)0.4(
C

a

)(C/18a)−1.51

(3)

Where

 =  14

[
1 −  8

(
4ν  −  0.5

1 −  ν

)4
]

(4)

here a and 2C  are respectively the half-diagonal length of the
ndent and the average length of radial cracks produced by inden-
ation (see Fig. 4), ϕ is a constant stress factor ∼  3, ν  is Poisson’s
atio, Hv is the hardness and E  is the Young’s modulus of the
aterial.
In addition, the residual stress in ceramics can be calculated

y using the following equation47:
s = KIC

(πCΩ)1/2

[
1 −

(
C0

C

)3/2
]

(5)
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Fig. 4. Indentation fracture method, where 2a is the indent diagonal and 2C is
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he total length of the radial crack. For residual stress calculation (σyy) we take
nto account only the crack length parallel to the interface.

here KIC is the substrate toughness, 2C0 is the average length
f radial cracks before joining, 2C  is the average length of radial
racks parallel to metal–ceramics interface and Ω  is a constant
epending on crack geometry (Ω  = 4/�2). In this case where

 < C0, σs is negative and the stresses are compressive.

. Results  and  discussion

.1.  Interfacial  microstructure

.1.1.  Al2O3/Ni/Haynes® 214TM system
The microstructure and microchemistry of polished cross-

ection of Al2O3/Ni/HAYNES® 214TM joint are shown in Fig. 5.
he Ni foil adheres to the ceramic and fills up the pores in

he surface. The presence of Ni inside the alumina pores was
etected up to a depth of about 10 �m from the interface. The
niaxial applied pressure (16 MPa) was responsible for slight
ecrease in metal layer thickness. Reaction between Ni and
l2O3 strongly depends on temperature, time and atmosphere.

nder the adopted experimental conditions chemical reactions

re likely to occur between the Ni and Al2O3. The cross sec-
ion of the Al2O3/Ni interface formed by diffusion bonding

ig. 5. Sample Al2O3/Ni/HAYNES® 214TM (1150 ◦C for 1 h; 16 MPa pres-
ure): SEM image of polished cross-section perpendicular to the Ni–Al2O3

nterface.
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ig. 6. GIXRD patterns of high purity alumina bonding area collected at an
ncidence angle of 5◦ (kK� Cu).

t 1150 ◦C for 1 h, using a 0.2 mm interlayer, is characterized
y EDS microanalysis and Grazing incidence X-ray diffraction
GIXRD). The GIXRD patterns collected at an incidence angle
f 5◦ are shown in Fig. 6. The spinel NiAl2O4 has been found
s an interface suggests the oxygen activity in the system is
elatively high. Numerous studies have analyzed the Al2O3–Ni
ystem both experimentally and thermodynamically. The spinel
iAl2O4 has often been found as an interphase. The reaction
echanism generally suggested for its formation involves a NiO

ntermediate48:

l2O3 +  NiO ⇒  NiAl2O4 (6)

With an associated free energy change of
G = −6000 −  9.5 T (J mol−1).48

From thermodynamic point of view the oxidation of Ni is
elated to the low level of vacuum (10−3 Pa) inside the furnace
r to the oxygen dissolved in Ni.

.1.2. Al2O3/Cu2O–Cu–Ni–Cu/HAYNES® 214TM system
Multiple microprobe scans were performed on the samples,

nd information on the aluminum, oxygen, copper and nickel
oncentrations were obtained. The scan indicates three regions:
1) alumina, (2) the interlayer, and (3) Ni-based super-alloy
HAYNESTM 214®) (Figs. 7 and 8). In the alumina, the Al/O
atio is as expected for Al2O3. The presence of Cu inside the
lumina pores was detected up to a depth of about 10 �m from
he interface. Within the interlayer, the aluminium and oxy-
en contents are very low or below detection limits. Within a
egion, 5–10 �m thick. The Cu in the Cu–Ni interface is about
0 at.% and decrease as the centre of the interlayer. The condi-
ions used for pre-oxidation of copper, identical to our previous
tudies,41,43 lead to the growth of Cu2O in accordance with the
hermodynamic data49 indicating that oxidation of copper to
u2O at 1000 ◦C is expected when the copper activity exceeds
%. Quantitative analysis by EDX has revealed the growth,
n the copper zone, of a spheroidale phase identified as Cu2O
Fig. 8). The formation of the Cu–O liquid eutectic is thus con-
rmed, because the eutectic is transformed in a two-phase zone
u–Cu2O after solidification.
The pre-oxidized copper thickness, near alumina is reduced
fter bonding (∼70 �m thick; initial thickness about 100 �m)
ecause part of the interlayer fills very well the porosity and
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ig. 7. Sample Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM (1075 ◦C for 0.5 h
nterfaces, (b) Al2O3/Cu–Cu2O interface, and (c) Cu/HAYNES® 214TM interfa

oughness of the ceramic due to fusion of the “copper–oxygen
utectic”.50 This thinning, due to partial fusion, is more
ignificant than that observed for copper interlayer near the
AYNESTM 214® (∼90 �m thick – initial thickness about
00 �m), only due to copper creep. While in the nickel, the
ecrease from 200 �m to about 180 �m is also related to creep
ffect.

Because we have worked in the same experimental conditions
s Courbiere41 and Kara-Slimane43 we suppose that CuAlO2 is
ikely present in the Cu–Cu2O/Al2O3 interface. Also, the pres-
nce of CuAlO2 induces higher bond strengths43,50 than those
f interfaces that do not contain CuAlO2. The good adhesion,
btained in this sample, can be correlated not only with the good
et-ability of Cu–O liquid eutectic, present at the beginning of
razing (DCB)41,43 but also with the deformability of CuAlO2.41

.2.  Residual  stresses

The residual stress (σyy), along which the interface of the joint
eels or cracks, is mainly discussed because this stress (σyy) is

onsidered to influence the strength of the joint. Tension stress
oncentration near the specimen edge can cause fracture within
he ceramics, in the case of strongly bonded systems, or delami-
ation at the interface, for weakly bonded systems. σyy governs

f
s

d

Fig. 8. Chemical profile in the interlayer of an as-bonded simple as determin
Pa pressure): (a) SEM image of polished cross-section perpendicular to the

he fracture mode I of energy release rate. The second significant
tress is the shear stress (σxy). This latter, in combination with
he tensile stresses that are present, can induce fracturing along
he ceramic–metal interface. It governs the mode II of energy
elease rate.

.2.1. X-ray  stress  measurements
As an example Fig. 9a shows the feature of the vari-

us peaks of alumina recorded for Ψ  = −50◦ to +50◦ and
ig. 9b and c are examples of εϕψ = f(sin2 �), in alumina after
ssembly. It will be noted that far from Al2O3/Ni interface
1 mm ≤  d  ≤  4 mm), the elliptic form is well observed, sign of

 homogeneous and isotropic material, which validates values
f stresses deduced from measurements (Fig. 9b). Contrariwise,
lose to the Al2O3/Ni interface (0.5 mm ≤  d < 1 mm) (Fig. 9c),
e observe no regular form of εϕψ = f(sin2 ψ) that synonym of

ocal anysotropic residual stress (residual stress gradient) and,
s a result, of flawed measures.

X-ray stress is estimated on the alumina side along two lines
erpendicular to the interface, located at two different distances

rom the free surface: one passing through the center of the
ample (L2) and the other near the edge (L1) (see Fig. 3).

Both the shear stress (σxy) (Fig. 10) and the axial (perpen-
icular) stress (σyy) (Fig. 11) data are shown, along with errors

ed by EDS. Substantial penetration of copper into nickel is indicated.
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stimated from standard deviations of the least squares fitting of
he recorded diffraction profiles. For the two studied systems the
hape of the curves is qualitatively similar except in the case of
he shear stress σxy at the vicinity of the interface (L1) (Fig. 10a).
his later (shear stress σxy) is in tensile stress in the case of Ni

nterlayer and in compressive stress in the case of Cu interlayer.
hese compressive stresses show that the use of Cu–Ni multi-

ayer is favorable. However, at the center (L2), the shear stresses
σxy) appeared to be close to zero or compressive (Fig. 10b).

The axial stress (σyy) appeared to be compressive stress at
he center (L2) (Fig. 11b), near the interface, and become negli-
ible in the ceramic bulk. It was favorable to the metal–ceramic
ond, and it could be regarded as one part of the bond
trength of metal–ceramic. At the edge of the assembly (L1),
trong tensile stresses were measured. Their magnitude roughly
ecreases with the distance to the interface and becomes
lmost constantly zero (Figs. 11a and b). It will however be
oted the beneficial effect of the multilayer Cu–Ni–Cu since

he residual stresses in the Al2O3/Ni/HAYNES® 214TM sys-
em, at 0.5 mm from interface is 201 ±  53 MPa, whereas for
l2O3/Cu–Ni–Cu/HAYNES® 214TM system the stresses are

a
d
F
n

i/HAYNES® 214TM joint. Example of εϕψ = f(sin2 ψ) plots and (b) far to the
erface (0.5 mm ≤ d < 1 mm), residual stress gradients were observed.

educed to 107 ±  32 MPa, i.e. close to those measured for the
l2O3/Ni/Al2O3 system (108 ±  53).1 This result indicates a
igher probability of failure produced by a thermo-mechanical
oading. Note that these stress measurements are qualitatively
n agreement with the finite element (FEA) calculations which
re detailed in our previous paper.1 We note in particular that
he free edge of the sample (corresponding to L1) is particularly
tressed, in tension.

.2.2.  Vickers  Indentation  Fracture  method
Vickers indentations (applied load 3 N) were performed

n alumina from the metal ceramic interface to the
eramic bulk for both Al2O3/Ni/HAYNES® 214TM and
l2O3/Cu–Ni–Cu/HAYNES® 214TM joints. The variation of

pparent-toughness of alumina after bonding versus distance
rom interface was identified near the free edge (L1). Seeing
hat the stress values are lower along L2, we limited the VIF

nalysis in the more critical direction L1. Fig. 12a shows a
ecrease in the ceramic apparent-toughness near the interface.
or Al2O3/Ni/HAYNES® 214TM joints, the alumina tough-
ess drops from 5.8 ±  0.4 MPa m1/2 before bonding, to about
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Fig. 10. The residual shear stress (σxy) distribution (XRD measurements) on
the alumina ceramic close to the interface for both Al2O3/Ni/HAYNES® 214TM
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Fig. 11. The residual stress (σyy) distribution (XRD measurements) on the alu-
mina ceramic close to the interface for both Al2O3/Ni/HAYNES® 214TM and
Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints (d = 0.5 mm) (a) L1 and (b)
L

-
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s
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A

nd Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints (d = 0.5 mm). (a) L1 and
b) L2.

.9 ±  0.4 MPa m1/2 at 50 �m from the interface, while, for
l2O3/Cu–Ni–Cu/HAYNES® 214TM joints, KIC only drops to

bout 4.5 ±  0.2 MPa m1/2 at 50 �m from the interface. This
ecrease in apparent-toughness already was observed for many
etal–ceramics systems51–53 but not yet fully understood. It

eems to be related to residual stresses and to diffusion of metal-
ic specie, particularly along grain boundaries51 (but note that
he diffusion also leads to stresses in the crystal lattice and grain
oundaries!). According to our previous diffusion studies by
IMS53 (in particular for copper in alumina), diffusion from a

hin metallic layer is observed and alumina toughness was low-
red by the diffusion of metallic elements. This fall is about

 MPa m1/2 for the diffusion of copper, so relatively close to
hat we see here. The effect of diffusion is thus significant and

an be superimposed on thermo-mechanical stresses due to the
onding.

Conversely, an increase in toughness is observed in both sys-
ems, from 100 �m from the interface up to 250 �m (Fig. 12a).
hese distances are greater than the penetration by diffusion
long grain boundaries.53 Other independent measurements
how that the properties of alumina are strongly modified, from
he metal–ceramic interface to over 250 �m, namely:
 In terms of dielectric properties,54 from 0 to 50 �m, where the
toughness is very low, the ability to trap electric charges, in
alumina is high; on the other hand, in the area of toughening

(
t
2

2.

(100–250 �m), diffusion of electric charges is significant and
local trapping is low.

 As noted above, the curves εϕψ = f(sin2 ψ) are abnormal in
the toughening zone, which corresponds to a strong gradient
of properties and, therefore the stress measurements contain
errors.

Thus this toughening can be due to the stress field evolu-
ion, which may induce possibly a micro-cracking. In fact, both
tresses and micro-cracking are favorable to diffusion of electric
harges.

Fig. 12b shows the residual stresses estimation, in both
oints, by using relation (5): near the interface, the residual
tresses in Al2O3/Ni/HAYNES® 214TM joint are higher than
or Al2O3/Cu–Ni–Cu/HAYNES® 214TM, but the general trend
bserved for the two systems as function of the distance to
he interface is similar. A strong variation of σyy is observed:
.e. stress decreases from +318 ±  34 (near to the interface,

20 �m) to −140 ±  35 (far from the interface, ∼400 �m) for
l2O3/Ni/HAYNES® 214TM joint and from +245 ±  22 MPa

near to the interface, ∼20 �m) to −100 ±  12 MPa (far from

he interface, ∼400 �m) for Al2O3/Cu–Ni–Cu/HAYNES®

14TM.
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Fig. 12. Evolution of alumina fracture toughness and average residual
s ® TM
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tress with distance from interface for Al2O3/Ni/HAYNES 214 and
l2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints. (a) Fracture toughness and

b) residual stress. d is the distance between two Vickers indents.

.2.3.  Comparison  VIF-XRD
Fig. 13 shows comparison of the results obtained for the

esidual stress distributions on the alumina ceramic near to the
nterface as given by two different methods; Vickers Indentation

racture (VIF) method and X-ray diffraction method. In the case
f Al2O3/Cu–Ni–Cu/HAYNES® 214TM system, both meth-
ds show qualitatively that residual stresses (σyy) were mainly

ig. 13. Comparison of the results obtained for the residual stress distributions
n the alumina ceramic near to the interface as given by two different methods;
ickers Indentation Fracture (VIF) method and X-ray diffraction through the
1.
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ensile and the maximum was in the vicinity of the Cu–Ni/Al2O3
nterface. After, pass from tension to compression (∼1.5 mm
rom interface) and becomes almost constantly null far to the
nterface (>2.5 mm). In the case of Al2O3/Ni/HAYNES® 214TM

ystem, the comparison is more difficult. Several reasons may
xplain these differences, namely:

All measurements of stresses (or more accurately estimates)
are indirect, for example, deformations are measured to esti-
mate stresses, using assumptions more or less verified. Both
techniques are no exception to this general remark.
XRD can not measure stresses near the interface, since the
first measurements are performed at 0.5 mm from the interface
due to limited spatial resolution of the technique (∼800 �m)
and moreover, the measures are flawed below 1 mm, due to a
complex stress field, as reported previously. The XRD estimate
does not account for the strong evolution of the properties of
ceramics in the vicinity of the interface, as demonstrated by
both toughness and dielectric measurements. It is the same for
finite element calculation.1

Conversely, the estimated VIF stresses, from the toughness
measurements, are very much dependent on them and there-
fore, have to be analyzed carefully. The VIF method, therefore,
provides data in areas where the XRD measurements are inef-
fective: thus, the effect of the nickel diffusion in alumina on
residual stresses cannot be identified.

Thus, these observations show the difficulty of measuring or
alculating residual stresses in areas where the stress field is
omplex, with strong properties and stresses gradients, as is the
ase along the line L1, near the free edges of the assembly.

.3. Mechanical  testing

For Al2O3/Ni/HAYNES® 214TM system, after cooling from
he bonding temperature, it is important to recall that, in some
ases, the residual stresses typically cause cracking in the alu-
ina ceramic4 (Fig. 14). The perimeter crack initiates at some

istance from the interface depending on the distribution and
agnitude of residual stresses in each joint. On the other hand,

n the case of Al2O3/Cu–Ni–Cu/HAYNES® 214TM joint, no
racks were observed after cooling.

.3.1. Shear  testing
The shear test specimens were prepared following the pro-

edures described in Section 2.3. Results shown in Table 3
epresent average shear strength data for joined samples for
ifferent interlayer thickness. For Al2O3/Ni/HAYNES® 214TM

oints the shear strength ranges from 11 to 35 MPa and are mod-
st compared to those of the Al2O3/Ni/Al2O3 joining.1 The
ain difference between the mechanical behavior of both joints

ited above are explained by the residual thermal stresses due to
he CTE mismatch which magnitude depending on geometrical

arameter shape which in certain case creates the critical defects
uch as perimeter crack or un-bonded zones at the interface sim-
lar to those shown in Fig. 14. The fractographic observations of
he shear specimens confirmed that the crack is initiated close to
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Table 3
Effect of Ni and Cu interlayers thickness on strength of both Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM and Al2O3/Ni/HAYNES® 214TM joints under shear test
loading.

Jointa Shear strength (MPa) Ni thickness (mm) Cu thickness (mm)

Al2O3/Ni/HAYNES® 214TM 11 ± 3 0.1 –
25 ± 2 0.2 –
28 ± 2 0.3 –
35 ± 4 0.5 –

Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM 82 ± 6 0.1 0.1
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68 ± 5 

For all cases, R′ = Ec/Ea = 1, ratio between the thickness of the ceramics and th

he free edge of the sample, on defects located in the Ni/Al2O3
nterface and then changes its direction, and propagates into the
eramics bulk, near the interface, with a “crack-interface” angle,
qual to about 40◦ corresponding approximately to the direction
f the maximal tensile stress determined by FEA.1,4

Al2O3/Ni/HAYNES® 214TM samples show poor
echanical strength when compared with Al2O3/
u2O–Cu–Ni–Cu/HAYNES® 214TM (Table 3). The aver-
ge strength of this later was significantly higher than that of
oints with a single Ni interlayer. As a result of observation of
he fracture surface, the crack occurred in the ceramic along
ath that was extremely close to the interface (∼10 �m).

These results are consistent with our measurements of resid-
al stresses since the stress components most significant in
racture of ceramic–metal joints are the tensile and shear stresses
t the free edge.

.3.2. Four-point  ‘delamination’  bending  test
Strength measurements of ceramic–metal joints are impor-

ant to provide information on the mechanical integrity of the
oints. In this context, some bend tests (delamination) at ambi-
nt temperature were conducted on the Al2O3/Ni/HAYNES®
14TM and Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints.
uring fracture tests, the applied displacement and the corre-

ponding load values were recorded. Fig. 15 shows a typical

ig. 14. Crack propagation in alumina ceramic in the Al2O3/Ni/HAYNES®

14TM system alter joining process.

a
f
c

F
A

0.2 0.1

kness of the alloy (Ea = 5 mm).

elationship between the load P  and displacement u  in the case of
l2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints. Several steps

re indicated and described as follows:

a) the load increased proportionally to displacement; in this
stage, no crack propagation occurs and the crack opening at
the centre is very small;

b) the interfacial delamination occurred on one side of the sam-
ple and a load plateau is observed. The left side of the
crack propagates while the right side of the crack did not
propagate. This situation of asymmetrical crack growth was
clearly visible on the specimen;

c) the load again increases proportional to the displacement.
Compared to the region (a), the compliance of the sample
increased, due to the previous crack growth event;

d) a second load plateau occurred, which corresponds to a crack
growth along the right side. The opening of both cracks
is similar. Segmentation cracks and micro-cracks appeared
along the Cu2O/Al2O3 interface and on the top of alumina
surface. Thus, the alumina (Al2O3) still adhere to the sub-
strate (HAYNES® 214TM);

e) finally, the sample compliance has increased further due to
the additional crack growth along the right side.

For Al2O3/Ni/HAYNES® 214TM joints the same steps

re observed but in the zone (d), in spite of its separation
rom Ni foil, the alumina are still compact (i.e. no micro-
racks appeared on Ni/Al2O3 interface or on alumina surface

ig. 15. Typical load–time curve in the four-point bending test for the
l2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints.
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Table 4
Critical interfacial fracture energy for both Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM and Al2O3/Ni/HAYNES® 214TM joints under mixed-mode loading (delami-
nation bending test).

Joint Al2O3 thickness (mm) Experimental conditionsa GIC (J/m2)

Al2O3/Ni/HAYNES® 214TM 0.381 R′ = 0.08 0
0.635 R′ = 0.13 1.5 ± 0.5

Al2O3/Cu–Ni–Cu/HAYNES® 214TM 0.381 R′ = 0.08 122 ± 8
0.635 R′ = 0.13 89 ± 12
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R = Ec/Ea, ratio between the thickness of the ceramics and the thickness of
s 0.1 mm.

op). All the Al2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM and
l2O3/Ni/HAYNES® 214TM specimens broke with a non-linear

urve “load–deflexion”, at the ceramic–metal interface. The
resence of this effect could be due to the thickness of the metal
metal foils + HAYNES® 214TM alloy ∼5.3 mm).

For Cu/Ni/Cu interlayer, the ceramic side of the fracture sur-
ace at the interface between Al2O3 and Ni shows that Al2O3
ontains some small particles (about 2–8 �m) of Cu2O. On the
etal side, some Al2O3 grains are attached to copper.
In Table 4, the mean values and the standard deviations

f fracture energy are reported. Sample Al2O3/Ni/HAYNES®

14TM shows poor mechanical strength when compared with
l2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM. This high value
f fracture strength and the corresponding energy (122 J/m2)
btained for this system induce good mechanical adhesion cor-
elated not only with the presence, at the interface, of a favorable
eaction product (CuAlO2), but also with lower residual stresses.
y contrast, high residual stresses and growth of the spinel nickel
luminate in Al2O3/Ni/HAYNES® 214TM joint were previously
ound to be damaging to the strength of the interface.55

.3.3.  Effect  of  Ni  and  Cu/Ni/Cu  interlayer  thicknesses  on
echanical  strength
It is well known that joint strength depends on the thick-

ess of the joining layer4 which affects the magnitude of
he residual stress (due to the properties of the third mate-
ial). In the case of Al2O3/Ni/HAYNES® 214TM system, the
hear strength increases with increasing Ni interlayer thick-
ess (Table 3). In every case, the fracture propagates into
he ceramic (cohesive fracture). In contrast, in the case of
l2O3/Cu2O–Cu/Ni/Cu/HAYNES® 214TM joints, the decrease

n thickness of Ni interlayer, for constant Cu interlayer, leads
o an increase in the shear strength and the fracture occurred in
l2O3/Cu–Cu2O interface (adhesive fracture) (Table 3).
Thus, interfacial failure of both bonds is clearly dependent

n metal layer thickness. The variation within the general range
f strength obtained at each thickness reflects residual stress
ffect.4 The trend to low strength with thin metal layer derives
rom the increasing influence of the corner stress concentration.

The interfacial fracture energies measured for both joints are
ummarized in Table 4. As shown previously,4 residual stresses
nd both fracture energies depend on the thickness of the ceram-

cs or, more accurately, on the ratio R′ between the thickness of
he ceramics and the thickness of the alloy “Ec/Ea”: Ec/Ea < 1
s recommended.4

c
m
h

loy (Ea = 5 mm). Ni interlayer thickness is 0.2 mm and Cu interlayer thickness

.  Conclusions

The residual stresses, in dissimilar metal/ceramic bonds, has
een evaluated by measuring residual stresses using of X-ray
iffraction (XRD) and Vickers Indentation Fracture (VIF). In
articular, VIF confirms that changes in the nature of alumina
n the immediate vicinity of the interface occur during bond-
ng processes, which can lead to technological difficulties too
ften disregarded, i.e. mechanical properties, but dielectric prop-
rties too. This is confirmed in another paper,54 on the same
ystems.

The whole map of the residual stress field in the ceramic
s obtained by measuring along scanning lines perpendicular
o the metal–ceramics interface. Maximum tension in ceramics
ccurs near the free edge of the interface, where the stresses are
ingular. It is this tensile stress developed in ceramics that is the
ost important factor inducing the joint failure. This is believed

o be the main cause of the modest shear and bend strength values
btained for Al2O3/Ni/HAYNES® 214TM system.

To overcome this problem, ideas concerning the best
onfiguration of such interlayers differ and include use of
ulti-component systems combining graded expansion and/or

uctility e.g. Cu–Ni, Cu–Mo.29 The use of multiple interlayers
uch as Cu–Ni–Cu can create even greater reduction in strain
nergy by redistributing the stress and plastic strain in a ductile
nterlayer Cu next to the ceramic. Our experiments show the
eneficial of Cu–Ni–Cu multilayers to reduce residual stresses
nd enhance mechanical behavior of the joint.

In addition, our experiences on joining alumina to HAYNES®

14TM via nickel–copper inserts, can show that it is possible
o reduce both temperature and pressure classically used for
olid state bonding. For the Al2O3/Cu2O–Cu/Ni/Cu/HAYNES®

14TM systems, the processing temperature reductions are on the
rder of several hundred degrees. The choice of copper presents
he advantage, using the DCB technique, to make the bonding
nder a very weak applied load during the process (<1 MPa
nlike 16 MPa for solid state bonding), thanks to the formation
f a transitory liquid film.

Moreover, the Cu–Ni system exhibits complete mutual solid
olution at elevated temperature. Consequently a post-annealing
t 1150 ◦C should lead to the formation of a uniform Ni-rich
u–Ni solid solution in the interlayer region. If the Cu con-

entration in the Ni is below 50 wt. %, this interlayer has a
elting temperature of approximately 1200 ◦C, producing a

igh-temperature ductile interlayer. Thus, this process makes
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t possible to obtain metal–ceramics joints ready to resist at high
emperatures.
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